Background--Cerebral microbleeds (CMBs) are hypothesized downstream markers of brain damage caused by vascular and amyloid pathologic mechanisms. The aim of this study was to determine whether CMB count and location are associated with an increased risk for mild cognitive impairment (MCI) in patients with essential hypertension without a history of transient ischemic attack or stroke.
M
ild cognitive impairment (MCI) is widely regarded as the intermediate stage of cognitive impairment between the changes seen in normal cognitive aging and those associated with dementia. Elderly patients with MCI constitute a high-risk population for developing dementia, particularly Alzheimer's disease (AD). 1 MCI has received considerable research attention for its potential importance in early identification and intervention for people with a risk for dementia. 2, 3 Vascular pathology plays a prominent role in cognitive decline and dementia. Cerebral microbleeds (CMBs), as a form of cerebral small vessel disease, are reported to be highly prevalent in memory clinic patients and in patients with AD. 4, 5 Moreover, Some studies have previously shown that the presence of numerous microbleeds, especially in a strictly lobar location, is associated with worse performance on tests that measure cognitive function. 6 Growing evidence suggests that hypertension is the most powerful modifiable risk factor for cerebral vessel dysfunction and may contribute to consequent cognitive decline. 7, 8 Few studies have examined the relationship between CMBs and MCI in patients with hypertension. In the present study, we aimed to evaluate whether CMBs and, more specifically, CMB count and location are associated with an increased risk for MCI in patients with essential hypertension without a history of transient ischemic attack (TIA) or stroke.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study Population
Participants were prospectively enrolled from consecutive outpatients with essential hypertension 50 years and older who visited the Department of Neurology between December 2015 and December 2016 at 3 centers in northern China. All patients were entered in a prospective electronic database and underwent a standardized interview and physical examination. Hypertension was defined as blood pressure (BP) ≥140/90 mm Hg at 3 different times or the use of antihypertensive medications. Carotid intima-media thickness (IMT) was measured to reflect the severity of atherosclerosis, and magnetic resonance imaging (MRI) was performed to evaluate suspicious neurological symptoms (ie, headache or dizziness, vertigo, numbness, syncope, or subjective memory impairment). When neither neurological symptoms nor a history of stroke or TIA were identified, the patient was considered eligible for the study. During the study period, 1254 patients with essential hypertension were identified as candidates (Figure) . We then excluded 22 patients whose MRI examinations were not completed. Patients with a history of stroke or TIA (n=169), dementia (n=36), brain tumor (n=1), or depressive disorder (n=33) or those undergoing hemodialysis (n=3) or brain surgery (n=7) were excluded to eliminate any effects of clinically evident diseases on CMBs.
The study followed the Declaration of Helsinki and was approved by the ethics committee of Weihai Municipal Hospital, and all patients provided written informed consent before inclusion. 
Diagnosis of MCI

Clinical Perspective
What Is New?
• This study suggests that the presence of any cerebral microbleeds, strictly lobar cerebral microbleeds, and deep or infratentorial cerebral microbleeds were all related to mild cognitive impairment in patients with essential hypertension without a history of transient ischemic attack or stroke after adjusting for conventional risk factors.
• Furthermore, the presence of multiple microbleeds (≥5) was associated with lower Montreal Cognitive Assessment total scores and worse performance on specific domains of cognitive tests, such as global cognitive function, information processing speed, and motor speed.
What Are the Clinical Implications?
• Our findings suggest that the presence and greater number of cerebral microbleeds independently correlate with mild cognitive impairment in patients with essential hypertension without a history of transient ischemic attack or stroke. The interrater reliability for the whole group for the presence of CMBs was j=0.824 and the intraclass correlation coefficient for the number of CMBs was j=0.871, which indicates good agreement.
Brain MRI Data
A white matter lesion (WMH) was defined as at least 1 focal lesion in the cerebral white matter with corresponding hyperintensity on fluid-attenuated inversion recovery images. The Fazekas scale was used to score the white matter lesions. Scores of 0 to 2 were given for 3 periventricular hyperintensities (PVH; range: 0-6) and scores of 0 to 6 were given for a deep WMH (DWMH) in the temporal, frontal, parietal, or occipital lobe (DWMH; range: 0-24). 16 Silent lacunar infarctions (SLIs) were defined as focal lesions >3 mm and <15 mm, with a hyperintense rim on fluidattenuated inversion recovery images, corresponding hyperintensity on T2-weighted images, and corresponding hypointensity on T1-weighted images.
Brain atrophy was defined as total brain tissue volume expressed as percentage of intracranial volume. Total brain volume and intracranial volume were calculated on the axial T1-weighted inversion recovery and FLAIR images of all participants using the k-nearest neighbor-based probabilistic segmentation. 17 
Other Measurements
The diagnosis of diabetes mellitus was based on repeated pathologic blood tests indicating fasting values ≥126 mg/dL or value loads ≥200 mg/dL 2 hours after oral glucose administration or the use of antidiabetic treatment. Hyperlipidemia was determined when total cholesterol was ≥200 mg/dL or when low-density lipoprotein cholesterol was ≥130 mg/dL. Alcohol was accepted as a risk factor if current consumption reached 300 g/wk. A history of smoking was coded if the patient smoked during the 3 months before the most recent stroke event. Total protein, serum albumin, total cholesterol, triglycerides, low-density lipoprotein cholesterol, serum urea nitrogen, and hemoglobin levels were measured by standard laboratory methods. Body mass index (BMI) was also calculated.
Color Doppler ultrasound was used to locate the thickest site of the carotid artery intima-media and to measure the thickness at this site, 2 upstream sites, and 1 site that was 1 cm downstream, each of which were measured 6 times to obtain average values.
Statistical Analysis
SPSS version 13.0 statistical software (SPSS Inc) was used for the statistical analysis. Tests for the homogeneity of variances were performed. The Kolmogorov-Smirnov test was also performed to ascertain the normality of the distribution of continuous variables. The normally distributed measurement data were represented as the meanAESD (x ̅ AESD) and the results of the 2 groups were compared using a t test. The counting data were represented as a ratio and the results of the 2 groups were compared using v 2 test. Generalized linear
Poisson models were used to investigate the distributional patterns of CMBs relative to MCI in patients with hypertension without a history of TIA or stroke. Linear mixed models with added random effects were used to determine the relationship between CMB count per topographic distribution in the brain and cognitive decline in specific domains. Differences with a P<0.05 were considered statistically significant.
Results
Characteristics of the Sample
Among 983 patients with hypertension, 164 patients had a clinical diagnosis of MCI. CMBs were detected in 215 patients with hypertension (21.9%). Of the 1062 identified CMBs, 285 (26.8%) were located in the basal ganglia, 154 (14.5%) in the thalamus, 151 (14.2%) in the brainstem (mostly in the pons), 120 (11.3%) in the cerebellum, 236 (22.2%) in the subcortical white matter or periventricular white matter, and 116 (10.9%) in the cortex. In the univariate analysis, age, the degrees of PVH and DWMH, and the prevalence of SLIs were higher in patients with hypertension with MCI. The total brain volume/ intracranial volume ratio was lower in patients with hypertension with MCI than in those without MCI (P<0.032). Furthermore, the presence, number, and distribution of CMBs were greater in patients with hypertension and MCI (P<0.001) ( Table 1) .
We assessed the use of medications in all enrolled patients. The results indicate no significant differences in medication use between the groups (Table 1) . 
Adjusted Relationship Between the Number and Location of CMBs and MCI in Patients With Hypertension
Generalized linear Poisson models were used to determine the association between the number and location of CMBs and MCI in patients with hypertension, as shown in Table 3 shows the association of deep or infratentorial CMBs with performance on cognitive tests in patients with hypertension and MCI. The number of deep or infratentorial CMBs per SD increase was significantly related to lower MoCA total scores and worse performance on tests of motor speed. Compared with no microbleeds, the presence of numerous (≥5) CMBs was significantly associated with lower MoCA total scores and with worse performance on tests of global cognitive function, information processing speed, executive function, and motor speed, but not with memory performance (model 0 in Table 3 ). Additional adjustments for age and sex did not change these results (model 1 in Table 3 ). Statistical significance remained for the association between (numerous) microbleeds and lower MoCA total scores and worse performance on global cognitive function, information processing speed, and motor speed upon adjusting for age, sex, education, diabetes mellitus, hyperlipidemia, current smoker, current drinker, BP levels, BMI, IMT, presence of SLI, WMH (PVH, DWMH) grade, and brain atrophy (model 2 in Table 3 ). Table 4 shows the association of strictly lobar CMBs with performance on cognitive tests in patients with hypertension with MCI. Per SD increase, a higher CMB number was significantly associated with lower MoCA total scores and worse performance on tests of information processing speed. When analyzed per category, the presence of numerous (≥5) CMBs was significantly associated with lower MoCA total scores and with worse performance on tests of global cognitive function, memory, information processing speed, executive function, and motor speed (model 0 in Table 4 ). Additional adjustments for age and sex did not change these results (Model 1 in Table 4 ). When additionally adjusting for confounders, including age, sex, education, diabetes mellitus, hyperlipidemia, current smoker, current drinker, BP levels, BMI, IMT, presence of SLI, WMH (PVH, DWMH) grade, and brain atrophy (model 2 in Table 4 ), the presence of ≥5 lobar CMBs remained associated with lower MoCA total scores and with worse performance on global cognitive function and information processing speed (model 2 in Table 4 ). No significant correlations were found between the presence of 1 or 2 to 4 lobar CMBs and MoCA total scores or compound scores of neuropsychological tests of specific cognitive domains in patients with hypertension.
Association Between Lobar CMBs and Performance on Cognitive Tests in Patients With Hypertension
Discussion
In the present study, we investigated the association between CMBs and MCI in 983 patients with hypertension at 3 centers in northern China. Based on the results from this study, the rate of CMBs in patients with hypertension was 21.9%. Our results are consistent with those of previous studies. 18 The presence, number, and distribution of CMBs were greater in patients with hypertension with MCI than in those without MCI. Generalized linear Poisson models showed that the total number of CMBs and the presence of ≥5 CMBs were all related to MCI after adjusting for age, sex, education, diabetes mellitus, hyperlipidemia, current smoker, current drinker, BP levels, BMI, IMT, presence of SLI, WMH (PVH, DWMH) grade, and brain atrophy. The presence of any CMBs, strictly lobar CMBs, and deep or infratentorial CMBs were all related to MCI after adjusting for confounders. Furthermore, the presence of multiple microbleeds (≥5) is associated with lower MoCA total scores and with worse performance on specific domains of cognitive tests, such as global cognitive function, information processing speed, and motor speed. To the best of our knowledge, no previous studies have investigated the association between CMBs and MCI in patients with essential hypertension without a history of TIA or stroke. Previous cross-sectional and longitudinal studies 6, 19, 20 in healthy adults also demonstrated that CMBs, especially in large numbers, are related to lower Mini-Mental State Examination scores, worse information processing, and worse executive functioning. Other studies also found that CMBs were associated with cognitive decline in patients with ischemic stroke or TIA and cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy. [21] [22] [23] The pathological differences in CMBs according to distribution is now well-known, with CMBs in deep or infratentorial regions considered to be associated with hypertensive microangiopathy, whereas strictly lobar CMBs are considered attributable to neurodegenerative pathology and cerebral amyloid angiopathy. 24 Recent studies in experimental models have shown that hypertension promotes b-secretase activity and increases cerebral vascular amyloid deposits and that hypertension-mediated impairment of vascular repair mechanisms may contribute to the faster development of neuropathology and cognitive deficits in experimental models of AD. 25, 26 CMBs were postulated as the potential "missing link"
in the interaction between cerebral amyloid angiopathy and hypertensive arteriolosclerosis in the pathogenesis of AD. 27 The robust associations we assessed between the presence and number of cerebral CMBs and cognitive function further support this notion. Mechanisms by which CMBs influence cognitive function remain speculative and may be causal or noncausal. 28 CMBs may represent a proxy measure of cerebral vascular disease overall, and their presence may influence cognition indirectly. This hypothesis is supported by our findings because we found associations with multiple CMBs in widespread areas rather than with single or multiple CMBs clustered in a specific brain region. However, histopathologic studies have shown that the presence of CMBs indicates widespread damage in arterioles by hypertension, amyloid deposition and surrounding gliosis, infarction, or even necrosis, resulting in microstructural damage of the surrounding white matter. 29, 30 Therefore, CMBs may disrupt white matter tracts involved in cognitive function, leading to damage to the neural networks superimposed by the effects of frequently co-occurring white matter lesions and lacunar infarctions. This tissue damage, which is not visible on conventional MRI, can be assessed in future studies with new techniques such as diffusion tensor imaging or resting state MRI. We found that CMBs were related to cognitive performance independent of age, sex, education, major cardiovascular factors, WMHs, and SLI. This finding, together with results from pathological studies showing that CMBs are frequently characterized by surrounding microstructural damage, 30 suggests that CMBs have a direct effect on cognitive performance rather than simply reflecting the presence of other markers of cerebral small vessel disease because our findings were independent of the presence of WMHs and SLI. We observed an association between lobar and deep or infratentorial CMBs and decline in information processing speed, but not in declarative memory. Information processing speed tasks may be the most sensitive to vascular pathology. 31, 32 Furthermore, accelerated decline in information processing function may be a harbinger for future decline in cognition related to AD. Notably, among cognitively normal adults older than 60 years, fibrillar forms of b-amyloid were related to reductions in measures of processing speed, but not declarative memory, a hallmark feature of AD. 33 In our study, we found an association between lobar (suggestive of cerebral amyloid angiopathy) and deep or infratentorial CMBs (suggestive of hypertensive arteriopathy) and performance reductions in speed tasks in patients with essential hypertension. Our study emphasizes the role of vascular disease in the pathogenesis of cognitive impairment. Accumulating evidence suggests that vascular damage may be particularly important in the initiation of neurodegenerative disease.
34,35
Study Limitations
Our study has some limitations. First, the present investigation was a cross-sectional study. We need to conduct a longitudinal study to validate the causal relationship between CMBs and MCI. Second, our results are limited to the cohort of elderly individuals with hypertension; therefore, they cannot be generalized to the general population. Third, we were unable to characterize the precise cause of cognitive impairment using molecular ligands (eg, b-amyloid) or pathological confirmation.
Conclusions
We found that the presence and greater number of cerebral CMBs independently correlate with MCI in patients with essential hypertension without a history of TIA or stroke, and that this relationship is driven not only by strictly lobar CMBs but also by deep or infratentorial CMBs. These results suggest that CMBs are clinically not as silent as they have been considered to be, which may help us understand the role of vascular disease in cognitive decline. Studies with longitudinal follow-up should identify whether the presence at baseline and/or increases in CMBs over time can predict the future development of dementia.
